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SUMMARY 

An i n v e s t i g a t i o n  w a s  made a t  a Mach number o f  0.30 t o  determine the  effect  
o f  upper wingle t s  on the  s t a t i c  l o n g i t u d i n a l  and l a t e r a l - d i r e c t i o n a l  aerodynamic 
characterist ics of  a 0.035-scale fu l l - span  model o f  a f i r s t - g e n e r a t i o n  j,et t r a n s -  
p o r t .  Resul t s  are presented which i n d i c a t e  t h a t  a t  t y p i c a l  take-off  and landing  
l i f t  c o e f f i c i e n t s  and f l a p  s e t t i n g s ,  upper wing le t s  decrease the  drag c o e f f i -  
c i e n t .  The wing le t s  s l i g h t l y  i n c r e a s e  l o n g i t u d i n a l  s t a b i l i t y ,  i n d i c a t i n g  t h a t  
t r i m  drag could be s l i g h t l y  inc reased  f o r  a given center -of -gravi ty  l o c a t i o n .  
E f fec t iveness  o f  h o r i z o n t a l - t a i l  d e f l e c t i o n  is e s s e n t i a l l y  unaf fec ted  by wing- 
l e t s .  The a d d i t i o n  o f  the wingle ts  produces i n c r e a s e s  i n  p o s i t i v e  e f f e c t i v e  
d i h e d r a l  and the  d i r e c t i o n a l  s t a b i l i t y .  Winglets no tab ly  i n c r e a s e  a i l e r o n  
e f f e c t i v e n e s s  . 

INTRODUCTION 

Winglets,  descr ibed i n  r e fe rence  1 ,  are intended t o  provide s u b s t a n t i a l l y  
g r e a t e r  reduct ions  i n  drag due t o  l i f t  a t  subsonic  speeds than those  obtained 
w i t h  s imple wing-tip ex tens ions  which produce bending moments a t  the  wing- 
fuse l age  junc ture  e s s e n t i a l l y  equal  t o  those  produced by the wing le t s  (refs. 1 
t o  3 ) .  The Nat ional  Aeronaut ics  and Space Adminis t ra t ion ( N A S A )  has  been con- 
duc t ing  ex tens ive  experimental  i n v e s t i g a t i o n s  on the  effects  of  wingle t s  f o r  
r e p r e s e n t a t i v e  j e t  t r a n s p o r t  wings a t  h igh  subsonic  Mach numbers. For example, 
t h e  winglets developed i n  r e fe rence  3 f o r  a f i r s t - g e n e r a t i o n  j e t  t r a n s p o r t  wing 
lowered t h e  induced drag near  design l i f t  c o e f f i c i e n t s  by about  20 percent  w i t h  
a r e s u l t i n g  inc rease  i n  wing l i f t -drag  r a t i o  of  about  9 percent  a t  t h e  design 
Mach number of  0.78. These improvements were more than twice as great as those  
achieved w i t h  a s imple  wing-tip ex tens ion  w i t h  e s s e n t i a l l y  equal  wing bending 
moments a t  t he  wing-fuselage junc tu re .  

A s  a r e s u l t  o f  these ind ica t ed  g a i n s  i n  performance, NASA and the U.S. A i r  
Force (USAF) have i n i t i a t e d  a j o i n t  f l i g h t  research and demonstration program 
t o  examine the  a p p l i c a t i o n  o f  w ing le t s  t o  the USAF KC-135A aircraf t .  The f l i g h t  
research program is  proposed t o  o b t a i n  r e s u l t s  a t  f u l l - s c a l e  Reynolds numbers 
and t o  provide a basis f o r  a USAF dec i s ion  t o  r e t r o f i t  t he  KC-135 f l ee t  w i t h  
w ing le t s .  I n  suppor t  of  the  proposed f l i g h t  research program, ex tens ive  wind- 
tunne l  i n v e s t i g a t i o n s  have been conducted on semispan and fu l l - span  models o f  
t h e  KC-135A a i r c r a f t .  Performance, l o a d s ,  s t a b i l i t y  and c o n t r o l ,  and b u f f e t  
data have been obtained over the a i rcraf t  ope ra t iona l  envelope. 

T h i s  r e p o r t ,  which is one o f  a series, p r e s e n t s  f o r c e  and moment data 
obtained on a fu l l - span  model o f  the KC-135A; semispan model tests are descr ibed  
i n  r e fe rence  3. Earlier i n v e s t i g a t i o n s  (refs. 3 t o  5 )  have determined t h a t  t h e  
advantages a s soc ia t ed  w i t h  t h e  lower wingle t  on the KC-135A are considered mar- 
g i n a l .  Therefore ,  f o r  s i m p l i f i c a t i o n ,  the  lower wingle t  has been dropped i n  t h e  
des ign  f o r  the  KC-135A a p p l i c a t i o n .  The p re sen t  i n v e s t i g a t i o n  was conducted t o  



determine t h e  effects o f  upper w i n g l e t s ,  which had been optimized f o r  c r u i s e  
cond i t ions  (refs. 3 t o  51, on the  l o n g i t u d i n a l  and l a t e r a l - d i r e c t i o n a l  aerody- 
namic characterist ics i n  landing  and take-off  conf igu ra t ions .  Resul t s  are pre- 
sen ted  f o r  s e v e r a l  conf igu ra t ions :  t he  basic wing without  w ing le t s ,  w i t h  upper 
wing le t s  on both wing t i p s ,  and wi th  an upper wingle t  on one wing t i p  only ,  f o r  
s e v e r a l  a i l e r o n ,  f l a p ,  and h o r i z o n t a l - t a i l  d e f l e c t i o n s  and w i t h  the  h o r i z o n t a l  
t a i l  removed. 

The tes ts  were conducted i n  t he  Langley 8-foot  t r anson ic  p re s su re  tunne l .  
The wind-tunnel free-stream Mach number was 0.30 a t  a cons t an t  dynamic p res su re  
o f  11.97 kPa (250 l b / f t 2 ) .  The angle-of-at tack range va r i ed  from approximately 

a t  approximately 12.30 x 10 '6 per  meter (3.75 x 10 pe r  f o o t ) .  
-60 t o  16O a t  f i x e d  s i d e s l i  ang le s  o f  Oo and 5O The Reynolds number was held 

SYMBOLS 

The r e s u l t s  presented  i n  t h i s  r e p o r t  are referred t o  t h e  s t a b i l i t y - a x i s  
system f o r  t h e  l o n g i t u d i n a l  aerodynamic characterist ics and t o  t h e  body-axis 
system f o r  the  l a t e r a l - d i r e c t i o n a l  aerodynamic c h a r a c t e r i s t i c s .  Force and 
moment data have been reduced t o  convent iona l  c o e f f i c i e n t  form based on t h e  
geometry o f  t h e  base- l ine  wing planform. 
chord p o i n t  o f  t h e  mean aerodynamic chord o f  t h e  base- l ine  wing ( f ig .  2 ) .  All 
dimensional va lues  are g iven  i n  both t h e  I n t e r n a t i o n a l  System o f  Units  (SI)  and 
U.S .  Customary Uni t s ;  however, a l l  measurements and c a l c u l a t i o n s  were made i n  
U.S. Customary Units .  (See ref. 6 . )  Sign convention is shown i n  f i g u r e  1 .  

Moments are re ferenced  t o  t h e  quarter-  

- 

'6, d e f l e c t i o n ,  AC,/A6,, per  degree 

C o e f f i c i e n t s  and symbols used h e r e i n  are def ined  as fol lows:  

wing span ,  138.7 cm (54.6 i n . )  

drag c o e f f i c i e n t ,  Drag/qJ 

l i f t  c o e f f i c i e n t ,  Lift/q,S 

rolling-moment c o e f f i c i e n t ,  Rol l ing  moment/qmSb 

rate of  change o f  rolling-moment c o e f f i c i e n t  w i t h  s i d e s l i p  ang le  
( e f f e c t i v e - d i h e d r a l  parameter), AC, /AB,  per  degree 

rate o f  change o f  rolling-moment c o e f f i c i e n t  w i t h  d i f f e r e n t i a l  a i l e r o n  

%I pitching-moment c o e f f i c i e n t ,  P i t ch ing  moment/qwSc 

rate o f  change of  pitching-moment c o e f f i c i e n t  w i t h  h o r i z o n t a l - t a i l  
m6h d e f l e c t i o n ,  A&/A6h, per  degree 

C 

Cn yawing-moment c o e f f i c i e n t ,  Yawing moment/qwSb 

c"B rate of  change o f  yawing-moment c o e f f i c i e n t  w i t h  s i d e s l i p  ang le  
( d i r e c t i o n a l - s t a b i l i t y  parameter), AC,/AB, per  degree 
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s ide- force  c o e f f i c i e n t ,  S ide  force/q$ 

ra te  of  change o f  s ide - fo rce  c o e f f i c i e n t  wi th  s i d e s l i p  ang le  ( s ide -  
f o r c e  parameter ) ,  ACy/AB, pe r  degree 

l o c a l  chord, c m  ( i n . )  

mean aerodynamic chord o f  base- l ine  r e fe rence  wing panel ,  21.03 c m  
(8.28 i n . )  

t i p  chord o f  basic wing, c m  ( i n . )  

free-stream dynamic p r e s s u r e ,  Pa ( p s f )  

base- l ine wing planform re fe rence  area, 0.270 m2 (2.91 f t 2 )  

chordwise d i s t a n c e  from l ead ing  edge, p o s i t i v e  a f t ,  cm ( i n . )  

v e r t i c a l  coord ina te  o f  a i r f o i l ,  p o s i t i v e  upward, cm ( i n . )  

angle  of  a t t a c k ,  deg 

ang le  o f  s i d e s l i p ,  deg 

incremental  va lues  

d i f f e r e n t i a l  a i l e r o n  d e f l e c t i o n ,  

r i g h t  a i l e r o n  d e f l e c t i o n ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg 

l e f t  a i l e r o n  d e f l e c t i o n ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg 

f l a p  d e f l e c t i o n ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg 

h o r i z o n t a l - t a i l  d e f l e c t i o n ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg 

6 a , ~  - 6 a , ~ ,  deg 

APPARATUS AND PROCEDURES 

Test F a c i l i t y  

This  i n v e s t i g a t i o n  was conducted i n  the  Langley 8-foot t r a n s o n i c  p re s su re  
tunne l ,  a continuous-flow, s ing le - r e tu rn  tunne l  wi th  a s l o t t e d  r ec t angu la r  test  
s e c t i o n .  The l o n g i t u d i n a l  s l o t s  i n  the  f l o o r  and c e i l i n g  o f  the  test s e c t i o n  
reduce tunne l  &ll i n t e r f e r e n c e  and a l low r e l a t i v e l y  large models t o  be t e s t e d  
through the  subsonic  speed range. 
v a r i a t i o n  o f  Mach number,, s t agna t ion  p res su re ,  temperature ,  and dew po in t .  A 
more detailed d e s c r i p t i o n  o f  t h e  wind tunne l  is found i n  r e f e r e n c e  7.  

Controls  are a v a i l a b l e  t o  p e r m i t  independent 
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Model Descr ip t ion  

A sting-mounted, fu l l - span ,  0.035-scale model o f  a KC-135A t r a n s p o r t  a i r -  
craf t  was used i n  t h i s  s tudy .  Drawings of t h e  model are shown i n  f i g u r e  2 and 
photographs o f  t h e  model are shown i n  f i g u r e  3. 

Fuselage.-  The fuse l age  contours  c l o s e l y  s imulated t h e  f u l l - s c a l e  fuse l age  
shape,  wi th  t h e  except ion  o f  t h e  a f t  fuse l age  area. An enlargement of t h i s  
area was n e c e s s i t a t e d  by the  s t i n g  mounting appara tus .  

Wing.- The b a s i c  wing o f  t h e  KC-135A model has  7O d i h e d r a l ,  2 O  of inc idence  
a t  t h e  r o o t  chord,  and no geometr ic  t w i s t .  The t r a i l i n g  edge o f  t he  wing near  
t h e  r o o t  breaks  from t h e  basic t r a p e z o i d a l  planform, as shown i n  f i g u r e  2.  The 
basic t r a p e z o i d a l  planform o f  t h e  wing has  a sweep a t  t h e  quarter-chord o f  3 5 O ,  
an a spec t  r a t i o  o f  7.00, and a t a p e r  r a t i o  o f  0.35. The r e fe rence  geometry 
parameters  S,  b ,  and C used f o r  a l l  data a n a l y s i s  are based on t h e  t rape-  
z o i d a l  planform o f  t h e  basic wing extended t o  t h e  fuse l age  c e n t e r  l i n e .  

A t y p i c a l  wing a i r f o i l  s e c t i o n  is shown i n  f i g u r e  4 .  The wing th i ckness  
r a t i o  v a r i e s  non l inea r ly  from 15 percent  a t  t h e  wing-fuselage junc tu re  t o  9 per -  
c e n t  a t  t h e  t r a i l i ng -edge  break and then remains cons t an t  t o  t he  wing t i p .  

Winglets.-  A detai led drawing of  t h e  upper wingle t  used i n  t h i s  i nves t iga -  
t i o n  is  given i n  f i g u r e  2 ( b ) .  
a v i a t i o n  a i r f o i l .  The a i r f o i l  s e c t i o n  is shown i n  f i g u r e  2 ( b ) ,  and t h e  coord i -  
n a t e s  are presented i n  table  I. 

The wingle t  employed an 8-percent- thick gene ra l  

The wingle t  has  a span equal  t o  t h e  wing-tip chord,  a r o o t  chord equal  t o  
65 percent  of  t h e  wing-tip chord,  a leading-edge sweep of  38O, a t a p e r  r a t i o  o f  
0.32, and an a s p e c t  r a t i o  o f  2.33. The planform area o f  each wingle t  i s  1.6 per-  

board 150 from v e r t i c a l  (75O d i h e d r a l )  and toed ou t  4 O  ( l e a d i n g  edge outboard)  
r e l a t i v e  t o  t h e  fuselage cen te r  l i n e .  The upper wingle t  is  untwisted and there- 
f o r e  has cons tan t  nega t ive  geometric inc idence  a c r o s s  its span. The "upper s u r -  
face" o f  the  wingle t  is t h e  inboard su r face .  To smooth t h e  t r a n s i t i o n  from t h e  
wing t o  the  wing le t ,  f i l l e t s  were added t o  t h e  i n s i d e  co rne r s  a t  these  junc tu res  
and the  ou t s ide  co rne r s  were rounded. 

F laps  and a i l e r o n s . -  Fixed-posi t ion t r a i l i ng -edge  f l a p s  and outboard a i l e -  
rons  s imula t ing  the  f u l l - s c a l e  conf igu ra t ion  were incorpora ted  i n  the  model. 
Flap d e f l e c t i o n s  could be  se t  a t  00, 300, and 500. 
O o ,  + I O o ,  and +20°. 

The a i l e r o n s  could be  s e t  a t  

Ta i l . -  The h o r i z o n t a l  t a i l  could be s e t  a t  f ixed  d e f l e c t i o n s  o f  00, -4O, 
and -IOo and was removed f o r  some o f  t he  t e s t s .  The v e r t i c a l  t a i l  was f ixed  
a t  a d e f l e c t i o n  o f  O o .  

Nacelles.- Flow-through nacelles were used w i t h  an i n l e t  diameter o f  
2.90 cm (1.14 i n . )  and an e x i t  diameter o f  2.08 cm (0.82 i n . ) .  The i n l e t  diam- 
eter was maintained back t o  approximately 0.66 o f  t h e  n a c e l l e  l eng th  and then 
tapered l i n e a r l y  t o  t h e  e x i t .  

4 



Test Cond it i o n s  

Measurements were taken a t  a Mach number o f  0.30 f o r  an angle-of-at tack 
range from -60 t o  16O and nominal s i d e s l i p  ang le s  o f  Oo and 5 O .  Measurements 
were made without  w ing le t s ,  w i t h  a wingle t  on one w i n g  t i p ,  and w i t h  w ing le t s  
on both w i n g  t i p s .  
meter (3.70 x 106 per  f o o t )  t o  12.57 x IO6 pe r  meter (3.83 x lo6 pe r  f o o t )  and 
t h e  dynamic p res su re  was held  cons t an t  a t  11.97 kPa (250 l b / f t 2 ) .  The s tagna-  
t i o n  temperature  va r i ed  between 305 K (goo F) and 322 K (120° F ) ;  t h i s  v a r i a -  
t i o n  was the  reason f o r  t h e  small v a r i a t i o n  i n  Reynolds number a t  the  t e s t  Mach 
number. The tunnel  a i r  was d r i e d  u n t i l  t he  dew p o i n t  was s u f f i c i e n t l y  low t o  
prevent  condensation effects.  

The Reynolds number va r i ed  s l i g h t l y  from 12.14 x IO6 per  

Boundary-Layer T r a n s i t i o n  

Boundary-layer t r a n s i t i o n  s t r i p s  were placed on t h e  fuse l age ,  py lons ,  and 
n a c e l l e s  and on both s u r f a c e s  o f  the  wings, w ing le t s ,  h o r i z o n t a l  t a i l ,  and ver -  
t i c a l  t a i l .  These s t r i p s  cons i s t ed  o f  bands,  0.16 c m  (0.06 i n . )  wide ,  o f  car- 
borundum g r a i n s  set  i n  a p l a s t i c  adhes ive .  The carborundum g r a i n s  and t h e  s t r i p  
wid th  were s i zed  f o r  the tes t  Mach number on the  basis o f  r e fe rence  8. The 
t r a n s i t i o n  s t r i p s  were app l i ed  a t  convent ional  l o c a t i o n s  on a l l  s u r f a c e s  except  
t he  winglet  lower su r faces  on which they were loca ted  by t h e  method of  refer- 
ence 9 i n  an attempt t o  s imula te  a f u l l - s c a l e  t r a i l i ng -edge  boundary-layer d i s -  
placement th ickness  a t  a Reynolds number based on the  mean aerodynamic chord 
o f  40 x 106. 

On the  fuse l age ,  No. 220 g r a i n s  were app l i ed  3.81 cm (1.50 i n . )  a f t  of  the  
nose. No. 220 g r a i n  t r a n s i t i o n  s t r i p s  were a p p l i e d  a t  0.05 o f  t h e  chord on t h e  
upper and lower surfaces o f  the  wings, h o r i z o n t a l  t a i l ,  and v e r t i c a l  t a i l .  Tran- 
s i t i o n  s t r i p s  on the wingle ts  were No. 240 g r a i n s  app l i ed  a t  0.05 of  t h e  chord 
on the  upper surface and No. 220 g r a i n s  a p p l i e d  a t  0.35 o f  t h e  chord on t h e  
lower s u r f a c e .  The pylons and n a c e l l e s  had No. 240 g r a i n  t r a n s i t i o n  s t r i p s  
placed 0.64 c m  (0 .25  i n . )  from t h e  l ead ing  edges. 

Measurements 

Force and moment data were obtained by use o f  a six-component e lec t r ica l  
s t ra in-gage  balance housed wi th in  the  fuse lage  c a v i t y .  Angle o f  attack w a s  mea- 
sured by an accelerometer  that  was a l s o  housed wi th in  t h e  fuse lage .  S t a t i c  pres-  
s u r e s  were measured i n  t h e  model s t i n g  c a v i t y  and a t  t h e  model base by us ing  
d i f f e r e n t i a l - p r e s s u r e  t r ansduce r s  re ferenced  t o  free-stream s t a t i c  p res su res .  

Correc t ions  

The ang le  of  attack o f  the model was co r rec t ed  f o r  flow a n g u l a r i t y  i n  the  
tunne l  t es t  s e c t i o n .  This  c o r r e c t i o n  was obtained from u p r i g h t  and inve r t ed  
tes ts  o f  the base- l ine  wing conf igu ra t ion .  The l i f t ,  drag, and pitching-moment 
c o e f f i c i e n t s  have been ad jus t ed  t o  correspond t o  t h e  cond i t ion  o f  free-stream 
s t a t i c  p res su re  i n  t h e  model sting c a v i t y .  
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PRESENTATION OF RESULTS 

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are presented  i n  the  fo l lowing  f i g u r e s :  

F igure  
Effect o f  w ing le t s  on l o n g i t u d i n a l  aerodynamic characteristics: 

For two f l a p  d e f l e c t i o n s .  6h = -100: 
6 a , L = O 0 ;  6 a , R = O 0 ;  f 3 = o o .  . . . . . . 5 

6a,L = -100; Ja,R = 100; = 00 . . . . . . . . . . . 7 

6a,L -200; 6,,R = 200; f3 = 00 . . . . . . . . . . . . . . . . . 9 

6 a , L = O 0 ;  6 a R = O 0 ;  B = 5 ' .  . - . - . 6 

6a,L = -IO'; 6a,R = 100; = 50 . . . . . . . . . . . . . 8 

6 a L = - 2 0 0 ;  6 a R = 2 O O ;  B = 5 0  . . - - - .  . . . . . . IO  
For three f l a p  d e f i e c t i o n s  wi th  h o r i z o n t a l  t a i l  removed: 

6a,L = 0'; 6a,R = 0'; B = 0' . . . . . . . - . . . . . . 11  
6 a L = o o ;  6 a , R = o o ;  @ = 5 O .  . . . . . . . . 12 

6a,L = 0'; 6a,R = 0'; f3 = 0' . . . . s . , . . . . 13 
For three h o r i z o n t a l - t a i l  d e f l e c t i o n s .  6f = 30°; 

Effect o f  w ing le t s  on h o r i z o n t a l - t a i l  e f f e c t i v e n e s s .  
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DISCUSSION 

The purpose of the  fo l lowing  d i scuss ion  is t o  examine t h e  effect  o f  wing- 
l e t s ,  which have been optimized fo r  c r u i s e  cond i t ions ,  on the  low-speed s tabi l -  
i t y  characteristics o f  t he  KC-135A aircraf t .  

Longi tudina l  Aerodynamic Characteristics 

Effect of  wingle t s  f o r  s e v e r a l  f l a p  d e f l e c t i o n s . -  Resu l t s  showing the  
effect  o f  w ing le t s  f o r  s e v e r a l  f l a p  and a i l e r o n  d e f l e c t i o n s ,  and wi th  and with- 
ou t  t h e  h o r i z o n t a l  t a i l  are presented  i n  f i g u r e s  5 t o  12. Winglets g e n e r a l l y  
inc rease  the  l i f t - c u r v e  s lope .  This  is a t t r i b u t e d  t o  the  e f f e c t i v e  inc rease  i n  
a s p e c t  r a t i o  due t o  t h e  a d d i t i o n  o f  wingle t s .  
fits wi th  wingle t s  on,  p a r t i c u l a r l y  near CL = 1.0 f o r  6, = 30°, which is 
r e p r e s e n t a t i v e  of  take-off cond i t ions ,  and near  CL = 1.2 f o r  6f = 50°, which 
is r e p r e s e n t a t i v e  of  landing cond i t ions .  Somewhat larger g a i n s  i n  l i f t -drag 
r a t i o  are ind ica t ed  i n  r e fe rence  3 f o r  a semispan model which w a s  tested a t  
h igher  Reynolds numbers. The wingle ts  i nc rease  t h e  nega t ive  s lope  o f  Cm ve r sus  
CL (A&/ACL) .  
b i l i t y  which i n d i c a t e s  t h a t  a s l i g h t  i nc rease  i n  t r i m  drag f o r  a g iven  cen te r -  
of -gravi ty  l o c a t i o n  could be  p o s s i b l e .  

The l i f t -drag curves  show bene- 

This  i nc rease  r e p r e s e n t s  a s l i g h t  i n c r e a s e  i n  l o n g i t u d i n a l  sta- 

Effect of wingle t s  f o r  s e v e r a l  h o r i z o n t a l - t a i l  d e f l e c t i o n s  .- Figure  13 
shows the effect  o f  wingle t s  on l o n g i t u d i n a l  aerodynamic characterist ics f o r  
s e v e r a l  h o r i z o n t a l - t a i l  d e f l e c t i o n s .  Figure 1 4 ,  which summarizes these r e s u l t s ,  
shows t h a t  the h o r i z o n t a l - t a i l  e f f e c t i v e n e s s  is  not  no t i ceab ly  affected by t h e  
presence o f  w ing le t s .  

La te ra l -Di rec t iona l  Aerodynamic Characteristics 

Effect of  wingle t s  f o r  s e v e r a l  a i l e r o n  d e f l e c t i o n s . -  Figure 15 p r e s e n t s  
l a t e r a l - d i r e c t i o n a l  data f o r  nonsymmetric a i l e r o n  d e f l e c t i o n s ,  as w e l l  as f o r  a 
w i n g l e t  on one w i n g  t i p  on ly .  The data f o r  both wingle ts  on show t h a t  nega t ive  
d e f l e c t i o n  of  t he  l e f t  a i l e r o n  (up a i l e r o n )  is more e f f e c t i v e  i n  r o l l  c o n t r o l  
than p o s i t i v e  d e f l e c t i o n  of  t h e  r i g h t  a i l e r o n  (down a i l e r o n ) .  It is i n t e r e s t i n g  
t o  note  t h a t  f o r  6, = 50° and B = Oo, a cons tan t  d e f l e c t i o n  o f  t h e  down a i le -  
ron g ives  e s s e n t i a l l y  a cons t an t  l e v e l  o f  rolling-moment c o e f f i c i e n t  w i t h  l i f t  
c o e f f i c i e n t ,  whereas t h e  rolling-moment c o e f f i c i e n t  f o r  cons t an t  d e f l e c t i o n  o f  
the  up a i l e r o n  v a r i e s  w i t h  l i f t  c o e f f i c i e n t  up t o  CL o f  about  0.75, and above 
CL = 0.9 ,  it remains e s s e n t i a l l y  cons t an t  w i t h  l i f t  c o e f f i c i e n t .  It is a l s o  
i n t e r e s t i n g  t h a t  a t  l i f t  c o e f f i c i e n t s  from about  0.55 t o  0 .9 ,  t h e  sum o f  t h e  
r o l l  produced by i n d i v i d u a l  a i l e r o n  d e f l e c t i o n s  is s l i g h t l y  greater than  the  
roll produced by d e f l e c t i n g  both a i l e r o n s  s imultaneously ( t ha t  is, C, f o r  
tia,L = -200 and 6a,R = Oo p l u s  C, f o r  6 a , ~  = Oo and 6a,R = 20° is  
greater than C, f o r  6, .= 400).  Above l i f t  c o e f f i c i e n t s  o f  about  0.9 u n t i l  
f low begins  t o  s e p a r a t e ,  the sum o f  the  r o l l  produced by i n d i v i d u a l  a i l e r o n  
d e f l e c t i o n s  e s s e n t i a l l y  equa l s  the r o l l  produced by d e f l e c t i n g  both a i l e r o n s  
s imultaneously.  



Figure 15 a l s o  p r e s e n t s  the  effect  o f  a i l e r o n  d e f l e c t i o n  on side f o r c e  
(CY) due t o  the  presence o f  wingle t s .  
f o r c e  by unloading the  wing le t ,  whereas t h e  down a i l e r o n  t ends  t o  inc rease  s i d e  
f o r c e  by loading  the  wingle t .  These r e s u l t s  would i n d i c a t e  an  i n c r e a s e  i n  s ide 
fo rce  due t o  d i f f e r e n t i a l  a i l e r o n  d e f l e c t i o n  w i t h  the  a d d i t i o n  o f  wingle t s .  

The up a i l e r o n  t ends  t o  decrease  s i d e  

A s  a matter o f  i n t e r e s t ,  from a s t a b i l i t y  and c o n t r o l  p o i n t  o f  view as 
well as a loads  p o i n t  o f  view, l a t e r a l - d i r e c t i o n a l  aerodynamic d a t a  f o r  a wing- 
l e t  on one wing t i p  only  are presented  i n  f i g u r e  15. 

F igures  16 t o  19 p resen t  the b a s i c  l a t e r a l - d i r e c t i o n a l  aerodynamic charac- 
te r i s t ics  f o r  s e v e r a l  a i l e r o n  d e f l e c t i o n s  a t  two f l a p  d e f l e c t i o n s  and s i d e s l i p  
a n g l e s ,  and these data are f u r t h e r  analyzed i n  f i g u r e s  20 t o  29. 

Effect o f  w ing le t s  on l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  d e r i v a t i v e s . -  F igures  20 
t o  22 p resen t  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  d e r i v a t i v e s  f o r  
t h a t  adding wing le t s  increased  p o s i t i v e  e f f e c t i v e  d i h e d r a l  (-GIB). T h i s  noted 

inc rease  i n  e f f e c t i v e  d i h e d r a l  is a probable  r e s u l t  o f  t h e  effects o f  wingle t s  
on t h e  outboard wing loadings  as s i d e s l i p  i n c r e a s e s .  The data show t h a t  t h e  

6, = 300 and show 

add i t ion  o f  w ing le t s  i n c r e a s e s  C n B  and i n c r e a s e s  t h e  nega t ive  l e v e l  o f  CYB. 

F igures  23 t o  25, f o r  a f l a p  d e f l e c t i o n  o f  50°, show t h a t  t h e  a d d i t i o n  o f  
wingle t s  i n c r e a s e s  p o s i t i v e  e f f e c t i v e  d i h e d r a l  ( - C I B ) .  The e f f e c t s  o f  t h e  wing- 

l e t s  on CnB and CYB f o r  6f = 50° are no t  as c o n s i s t e n t  as they are f o r  

6f = 30°; i n  f ac t ,  a t  some specific l i f t  c o e f f i c i e n t s ,  t he  effect  o f  wingle t s  
is  t o  lower s l i g h t l y  the  l e v e l  of  CnB and -CyB below t h a t  o f  the  basic 
conf igu ra t ion .  

Effect of  w ing le t s  on a i l e r o n  e f f e c t i v e n e s s . -  A summary of  a i l e r o n  effec- 
t i v e n e s s  w i t h  and without  wingle t s  (presented  i n  f igs .  26 t o  2 9 )  shows no tab le  
i n c r e a s e  i n  a i l e r o n  e f f e c t i v e n e s s  (-AC,/A6a) due t o  the  a d d i t i o n  o f  wingle t s .  
The noted inc rease  i n  a i l e r o n  e f f e c t i v e n e s s  is probably a r e s u l t  of  increased  
a i l e r o n  loading  due t o  t h e  presence o f  t h e  wing le t s .  The i n c r e a s e  i n  a i l e r o n  
e f f e c t i v e n e s s  due t o  wing le t s  does not  seem t o  be affected by f l a p  d e f l e c t i o n  
o r  s i d e s l i p .  However, a t  very h igh  l i f t  c o e f f i c i e n t s ,  where flow s e p a r a t i o n  
probably e x i s t s  a t  t h e  wing t i p ,  t he  a d d i t i o n  o f  w ing le t s  does not  i n c r e a s e  
a i l e r o n  e f f e c t i v e n e s s .  

SUMMARY OF RESULTS 

An i n v e s t i g a t i o n  w a s  made a t  a Mach number o f  0.30 t o  determine the s t a t i c  
l o n g i t u d i n a l  and l a t e r a l - d i r e c  t i o n a l  aerodynamic c h a r a c t e r i s t i c s  o f  a 0.035- 
s c a l e  model of  a f i r s t - g e n e r a t i o n  j e t  t r a n s p o r t  (U.S. A i r  Force KC-l35A), w i t h  
and without  upper wing le t s .  The fol lowing r e s u l t s  were obtained : 

1 .  A t  t y p i c a l  take-off and landing  l i f t  c o e f f i c i e n t s  and f l a p  s e t t i n g s ,  
w ing le t s  decrease t h e  drag c o e f f i c i e n t .  
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2. Winglets s l i g h t l y  i n c r e a s e  l o n g i t u d i n a l  s t a b i l i t y  (more nega t ive  s l o p e  
of t h e  curve of pitching-moment c o e f f i c i e n t  ve r sus  l i f t  c o e f f i c i e n t ) .  This  
i n d i c a t e s  that  the t r i m  drag could be increased  s l i g h t l y  for a given cen te r -  
of -gravi ty  l o c a t i o n .  However, e f f e c t i v e n e s s  of h o r i z o n t a l - t a i l  d e f l e c t i o n  is 
not  no t i ceab ly  affected by wing le t s .  

3 .  Noticeable  e f f e c t s  o f  w ing le t s  occur i n  t he  l a t e r a l - d i r e c t i o n a l  aerody- 
namic characterist ics,  p a r t i c u l a r l y  an inc rease  i n  e f f e c t i v e  d i h e d r a l  and a 
small inc rease  i n  d i r e c t i o n a l  s t a b i l i t y .  

4. Winglets no tab ly  i n c r e a s e  a i l e r o n  e f f e c t i v e n e s s .  

Nat iona l  Aeronautics and Space Adminis t ra t ion 
Langley Research Center 
Hampton, VA 23665 
December 20,  1977 
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TABLE I.- AIRFOIL COORDINATES FOR WINGLETS 

Upper surface 

0 
.0077 
.0119 
.0179 
.0249 
.0296 

.0389 

.(I433 

.0469 

.0499 

.0525 

.0547 

.058 1 

.0605 

.0621 

.0628 

.0627 

.0618 

.0599 

.0587 

.0572 

.0554 

.0508 

.0481 

.045 1 

.0419 

.0384 
-0349 
.0311 
.0270 
..0228 
.0184 
.0138 
.0089 
.0038 -. 0020 

- 0333 

- 0533 

. .  

z/c for - 
Lower surface 

0 

-.004l 
- .0060 
- .0077 
- .0090 
-.0100 
-.0118 
-.0132 
-.0144 
-.0154 
-.0161 
-.0167 
-.0175 
-.0176 
-.0174 
-.OI68 
-.0158 
-.0144 
-.0122 
-.0106 
-. 0090 
-.0071 
-. 0052 
-. 0033 
-.0015 

.0004 

.0020 

.0036 

.0049 

.0060 

.0065 

.0064 

.0059 

.0045 

.002 1 

- .0067 

-. 0032 

-.0013 
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Relative wind 

/ 

Figure 1.-  Axes system. P o s i t i v e  va lues  
ind ica t ed  by arrows. Origin of  s t a b i  
moment re ference  c e n t e r  f o r  c l a r i t y .  

of  f o r c e s ,  moments, 
i t y  axes  has  been d 
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and ang le s  are I 
sp laced  from 



Moment r e f e r e n c e  c e n t e r  

6.40(2 .52)  

/ Moment r e f e r e n c e  c e n t e r  

1 4 . 8 6 (  5 . 8 5 )  /- 

1 3 0 . 5 0 ( 5 1  .38) - 
( a )  General arrangement. 

Figure 2.- Drawing o f  0.035 scale,  fu l l - span  KC-135A model. Dimensions are 
i n  cent imeters  ( i n c h e s ) .  
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Typical winglet section 

,--Upper s u r f a c e  I 

Winglet incidence, referenced 
t o  fuselage center l i n e  

Upper surface 7 ~ 

Di hed- - ’  

( b )  Winglet de ta i l s .  

F igure  2.- Continued. 



6 2 . 9 4  (24.78!- i= 
( c )  Flap and a i l e r o n  d e t a i l .  

F igure  2.- Concluded. 
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* 

(a) General arrangement. 

Figure 3.- Photographs of KC-135A full-span model with winglets. 

L-76-569 1 



L-76 -5692 
(b) Winglet ,  a i l e r o n ,  and f l a p .  

L-76-5690 
( c )  Winglet. 

F igure  3 . -  Concluded. 
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Figure 4.- Typical  outboard wing a i r f o i l  s e c t i o n .  
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Figure 5 .- Effect of wingle t s  on l o n g i t u d i n a l  aerodynamic characterist ics f o r  
two f l a p  d e f l e c t i o n s .  6h = -lo0; 6a,L = 0'; 6a,R = 0'; = 0'. 
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Figure 5.- Continued. 
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Figure 5.- Concluded. 
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a .  deg 

Figure 6.- Effect of wing le t s  on l o n g i t u d i n a l  aerodynamic characterist ics f o r  
two f l a p  d e f l e c t i o n s .  6h -100; b a , L  = 00; 6a,R = 0'; f3 = 50. 
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Figure  6.- Continued. 
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Figure  9.- Effect of w ing le t s  on l o n g i t u d i n a l  aerodynamic characterist ics f o r  
two f l a p  d e f l e c t i o n s .  6, = -100; 6,,L = -200; 6,,R = 200; B = 00. 
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Figure  9 .- Cont inued .  
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Figure 10.- Effect of w ing le t s  on l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  f o r  
two f l a p  d e f l e c t i o n s .  6h = -100; 6 a , ~  = -200; 6 a , ~  = 200;  f3 50. 
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Figure  12 . -  Ef fec t  of wingle t s  on l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  f o r  
three f l a p  d e f l e c t i o n s  w i t h  h o r i z o n t a l  t a i l  removed. 8 a , ~  O o ;  6 a , ~  = 0 0 ;  
f3 = 50. 
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Figure 13.- Effect of winglets on longitudinal aerodynamics characteristics for 
three horizontal-tail deflections. 6f = 300; b a , ~  = Oo; 6a,R = Oo; f3 = Oo. 

43 



44 

cL 

Figure 13.- Continued. 



Figure 13. - Concluded. 

45 



0 

-. 01 

-. 02 

-. 03 

-. 05 
0 .1 . 2  . 3  .4 . 5  .6 .7 .8 .9 1.0 1.1 1.2 
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Figure  15.- Effect of wing le t s  on l a t e r a l - d i r e c t i o n a l  aerodynamic characteris- 
t i c s  f o r  w ing le t s  on both wings wi th  nonsymmetric a i l e r o n  d e f l e c t i o n  and f o r  
a wingle t  on one wing only.  6h = -100; B f  = 50°; f3 = Oo. 
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Figure 16.- Effect of wing le t s  on l a t e r a l - d i r e c t i o n a l  aerodynamic characteris- 
t i c s  f o r  three a i l e r o n  d e f l e c t i o n s .  6, = -100; 6, = 30°; B = 00. 
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Figure 18.- Effect o f  w ing le t s  on l a t e r a l - d i r e c t i o n a l  aerodynamic c h a r a c t e r i s -  
t i c s  f o r  three a i l e r o n  d e f l e c t i o n s .  6, = -100; 6f = 500 ;  f3 = O o .  
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